1. Introduction {#s0005}
===============

About 1.2 million people in developing countries live in water scarce areas and by 2025, the number is expected to increase to 1.8 million due to the lack of undependable policies or suitable management strategy for reuse of treated wastewater in crop production ([@b0115]). In the arid areas, there is an increasing need for water which resulted in the emergence of wastewater application in agriculture to reduce the demand on freshwater resources. Approximately 70% of treated wastewater is used for agriculture ([@b0090]) and may have detrimental environmental and health effects. Transmissions of intestinal nematode (*Ascaris lumbricoides* and *Trichuris trichiura*), pathogenic bacteria and diseases, including diarrhea, dysentery, typhoid and cholera to farmer working in the wastewater irrigated fields and/or vegetable consumers were the major risks of the use of treated wastewater ([@b0360]).

Determination of different microbial pathogen numbers in a partially treated wastewater samples is imperative and can allow an effective assessment of the treatment process. There are always worries and precautions about the reverse effect of treated wastewater use in the irrigation of edible crops ([@b0315]). Thus, international and local organizations have concerns about putting standards for reuse of treated wastewater in agriculture. Plant production of corn, potato, lettuce, olive trees and alfalfa irrigation with treated wastewater was increased compared to plants irrigated with natural water resources which may be due to the presence of plant nutrients (mainly nitrogen and phosphorus) in the treated wastewater but the risk due to the presence of some pathogens is still under consideration ([@b0230], [@b0190], [@b0250], [@b0210]).

Fecal coli bacteria are present in human and animal feces and are relatively harmless to humans' intestines and *Escherichia coli* is the most common species of fecal coli bacteria. Furthermore, species of the genus Streptococcus cause pneumonia, ear infection and meningitis. Like fecal coli bacteria, fecal streptococci are applied as indicators of water pollution and have been used for many years to determine the quality and safety of water for irrigation and human consumption ([@b0360], [@b0045].). In treated wastewater, detection of these bacteria means a failure in the disinfection process but their absence does not necessarily guarantee the absence of pathogens. In practice, the desire goal is to obtain zero fecal coliform in water to be used for irrigation of raw eaten crops. To prevent transmission of many diseases, efficient treated wastewaters that comply with the microbiological quality guidelines should be used for crop irrigation.

The fate and transport of bacteria in soils is essential for assessing the risks for groundwater contamination by land-applied wastewater. Contaminant transport experiments can be very useful tools for the quantitative assessment of microbial transport in soils and to explicate the important factors and processes that control microbial transport. Many investigators have examined the transport of microorganisms in soil after land application of wastewater. These studies focused on the removal of bacteria ([@b0295], [@b0300]) or viruses ([@b0295], [@b0200], [@b0195]) under conditions of saturated or unsaturated flow in soil columns or in field tests. Many others have investigated bacterial transport through soils ([@b0020], [@b0245], [@b0140]). Some have modeled bacteria transport through undisturbed soils ([@b0240], [@b0270]). Transport of fecal coliform has been reported in many studies as well ([@b0235], [@b0175], [@b0330]). Contamination of groundwater resources with fecal bacteria or viruses from wastewater poses a threat to the portability and the use of water resources ([@b0085], [@b0180]).

In the western region of Saudi Arabia, many local farmers use treated and untreated wastewater to grow vegetable crops under no regulation or legislation. The main objective of this research was to exploit and identify microbiological risks associated with the use of treated domestic wastewater in the irrigation of a radish plant under field condition as well as the contamination of the soil profile exposed to wastewater application containing fecal coliform bacteria. To achieve this aim, chemical analysis and some pathogenic bacteria were investigated in the effluent of the wastewater treatment plant, which was used to irrigate radish plant for two successive seasons under two drip irrigation systems. Transport experiment of wastewater through soil column was also investigated to quantify the distribution of fecal coliform.

2. Material and methods {#s0010}
=======================

2.1. Experimental design {#s0015}
------------------------

The experimental site (1 km × 1 km in size) which is the Agricultural Research Station of King Abdulaziz University, Saudi Arabia is located at Hada Al-Sham village; about110 km northeast of Jeddah city on the mainstream of Usfan basin; or about 72 km east of the red sea coast. The soil of the experimental site was classified as sandy loam, pH 7.9, EC 2.4 dS/m, and organic matter 0.55%, heavy metals (mg/kg): Pb 0.9, Cd 0.001, Cr 0.001, and Ni 0.03. Ground water is the main source of irrigation in this region. During this study, the temperature ranged from 30 to 45 °C.

White Radish plant (*Raphanus sativus* L. cv. Smart Selection Indian) was grown under two different drip irrigation systems and four water qualities. Seeds were obtained from the local markets of Jeddah, washed and soaked in 2% Na hypochlorite for four hours. A split block design arranged in strips subplots with two irrigation systems (surface and subsurface- drip irrigation) and four different treated wastewater qualities (100%, 60% and 40% in addition to groundwater as control) was used. The sub plot area was 2 m × 3 m with four replicates. Fertilizers were applied and irrigation water requirements were calculated and scheduled ([@b0065], [@b0050]).

2.2. Irrigation water quality {#s0020}
-----------------------------

Bani-Malik WWTP is one of typical plants of Jeddah city. The treated wastewater was used as an irrigation water source for all experiments. The plant located at the center of the city; received its wastewater from neighboring households covering several districts. It treated water up to the secondary stage. Samples of the treated wastewater were collected from the effluent of Bani-Malik WWTP for chemical and biological analysis. Private trucks were rented twice a week to transport treated wastewater from wastewater treatment plant to two reservoirs, connected to four different storage tanks in the field site. Four different irrigation water qualities were prepared and used in this experiment where the effluent of Bani-Malik WWTP was diluted to 40% (40% wastewater and 60% natural groundwater) and 80% in water tanks with a capacity of 2000 gallons. These two dilutions plus raw effluent and local groundwater (control) constitute four different water qualities. Associated tanks and pipelines were installed for each water quality and each irrigation system.

2.3. Collection and analysis of water and plant samples {#s0025}
-------------------------------------------------------

Fifty treated wastewater samples (one-liter volume), from the effluent of the wastewater treatment plant, were collected for two successive years (at least five samples/time), in a wide mouth sterile glass bottles. Samples were immediately transferred in ice tank to the Lab. Physical and chemical characteristics were determined as described before ([@b0280], [@b0035], [@b0285], [@b0335]).

The growth of the plants irrigated with different concentrations of treated wastewater was determined after 4 months. The plants of each treatment were collected in clean plastic bags and transferred directly to the Microbiological lab under refrigeration conditions. The vegetative weight of three random guarded plants for each treatment was determined and recorded as mean fresh weight/plant (g/plant) and total weight/ hectare (t/ha) were calculated for each treatment. Five plants of each treatment were used for the different bacterial counts per gram of the examined plant.

The obtained data were statistically analyzed using the analysis of variance procedures and mean separation under the criteria of Least Significant Difference (LSD) test ([@b0305], [@b0105], [@b0060]).

2.4. Microbiological examination {#s0030}
--------------------------------

The total viable bacterial counts in water sample (CFU/100 ml) were determined using Microfil S filtration devices (0.22-μm pore size; Millipore, Billerica, MA) which were used to filter 100 ml of each water sample. The filters were placed on heterotrophic tryptic soy agar plates and incubated at 35 °C before quantifying the CFU/100 ml. Similarly, CFU/g dry weight of the radish shoot system was calculated ([@b0165]).

Total coliforms in water were counted using multiple tube fermentation (MTF) procedures ([@b0040]). On the other hand, MPN of fecal streptococci was determined using azide dextrose broth at 37 °C for 48 h. Positive tube was indicated by dense turbidity and confirmed using ethyl violet azide dextrose broth incubated at 37 °C for 24 h. The formation of purple color at the bottom of the tube confirmed the presence of fecal streptococci.

Salmonellae group was detected and enumerated by MPN technique ([@b0100]) on Rappaport--Vassiliadis (RV) broth, then streaked on bismuth sulfite agar ([@b0170], [@b0040]). Total Vibrios was detected and enumerated by MPN technique on alkaline peptone broth (pH 8.4) then streaked on thiosulfate citrate bile sucrose agar according to [@b0185] and [@b0040]. Identification of Salmonella and V. cholera was carried out according to [@b0290] and [@b0040].

Detection and enumeration of *E. coli* were determined using membrane filter procedure and mTEC Agar (Difco 0334) as described by [@b0110]. Colonies confirmation was determined using Urea Substrate Medium (Urea 2.0 g, phenol red 0.01 g and 100 ml distilled water). Counts were determined from the equation:$$E.\mathit{coli}/100\mspace{6mu}\text{ml} = \frac{\text{Number\ of}\mspace{6mu} E.\mathit{coli}\mspace{6mu}\text{colonies} \times 100}{\text{Volume\ of\ sample\ filtered}\mspace{6mu}(\text{ml})}$$$$\text{MPN}/100\mspace{6mu}\text{ml} = \frac{N\text{o.\ of\ positive\ tubes} \times 100}{\sqrt{\text{ml\ of\ sample\ in\ negative\ tube} \times \text{ml\ of\ sample\ in\ all\ tube}}}$$

MPN of *Pseudomonas aeruginosa* was determined using three replicate tubes containing [l]{.smallcaps}-asparagine broth medium, double and single strengths were used for 10, 1 and 0.1 ml, respectively. Positive tubes were scored as green fluorescent pigment due to the growth of *P. aeruginosa* ([@b0370]). Detection of Listeria group was carried out by MPN and by direct detection on Listeria selective broth and agar according to [@b0120].

2.5. Leachate experiment {#s0035}
------------------------

Undisturbed soil sample was collected from the upper 43 cm at Hada AL-Sham field experimental site. A plexiglass column with inner diameter of 10 cm and height of 50 cm was filled with the soil gradually to maintain soil's bulk density. Transport experiment was conducted by allowing wastewater-containing known count of fecal bacteria to flow from the top of the soil column at a rate equivalent to the irrigation rate of radish plant. The experiment lasted for six hours, when finished; the soil column was cut into slices of 2 cm at the first 8 cm from soil surface and slices of 4 cm along the rest of the column for coliform detection. The data are presented as normalized concentration *N*~o~/*N*~t~ (number of bacteria retained in the column at specified depth, *N*~o~, divided by the number in a unit volume of the input wastewater-containing bacteria, *N*~t~) per gram of dry soil and are plotted as a function of the distance from the column inlet.

3. Results and discussion {#s0040}
=========================

Water quality is a concern of many countries in the world due to its limited supply and increasing demand due to population increase. Hence, there is a need to encourage people to use treated wastewater for irrigation in arid and semi-arid areas. Water delivered to the consumer or used for irrigation purposes should meet the high requirements of modern hygiene and it should at least be free from pathogenic organisms and toxic substances ([@b0345], [@b0005]). Thus, attention has been paid for monitoring and assessing the microbiological quality of treated wastewater all over the world ([@b0205], [@b0125]). Wastewater represents the main source of water pollution in different parts of the world, e.g. Egypt ([@b0370]); Poland ([@b0255]); Nigeria ([@b0025]) and Brazil ([@b0145]). A powerful monitoring program is needed to provide reliable information about the current water quality before its use in a large scale in agriculture; therefore, the present study was conducted not only to explore the impact of the wastewater quality use, but also to assess the water quality, physico-chemical and the microbial flora of the effluent of Bani-Malik WWTP. The chemical analysis of Bani-Malik WWTP is presented in [Table 1](#t0005){ref-type="table"}. The mean water temperature and pH value were 40 °C and 7.45, respectively while electrical conductivity of treated wastewater and groundwater samples were 2.15 dS/m and 3.9 dS/m respectively. It is a known fact that high temperature enhances the growth and development of human pathogens. Studies indicated a positive correlation between water temperature and total coliform, fecal coliform and *P. aeruginosa* ([@b0010]). pH plays an important role in the solubility of the metal hydroxides and the kinetics of the oxidation and hydrolysis processes, where metallic ions tend to precipitate as hydroxides at high pH values. Generally, the obtained pH values fall within the World Health Organization standard limits 7.0--8.5 ([@b0095], [@b0355], [@b0360]).

The stages of wastewater treatment were evaluated through determination of ammonia; pH; BOD; COD, chloride; conductivity, suspended solids; total dissolved solids; fats; nitrate, nitrite, total nitrogen; phosphate and total phosphorus ([@b0155]). Electrical conductivity was 2.15 dS/m and higher value was found in the groundwater sample (3.9 dS/m). EC were positively correlated with anion concentrations and total bacterial counts ([@b0010]). COD values were 10 and 17 mg/l for the treated wastewater and groundwater, respectively. A similar situation was recognized in Jordan, where two monitoring wastewater treatment stations were studied for their water quality before and after stations upgrade ([@b0030]). On the other hand, biochemical oxygen demand (BOD) of Bani-Malik WWTP was 2.8 mg/l and the suspended solids (SS) were 130.5 mg/l. BOD was primarily affected by the presence of microorganisms ([@b0035]). The NH~4~^+^, NO~3~^−^ and P^3−^ concentrations were 33.31, 23.48 and 6.56 mg/l, respectively. It was well known that wastewater contained many nutrients and ions especially nitrate (NO~3~^−^), stimulating plant growth ([@b0220]), but when wastewater is irrigated beyond the assimilation capacity of the soil--plant system, it can provide a source of readily leachable nutrient or contaminant ([@b0225]).

Excessive release of heavy metals into the environment has posed a great problem worldwide to many life forms and do not degrade into harmless products ([@b0150]). The ions of Zn^++^, Mn^++^, Cu^++^, Pb^+++^, Cd^++^, Cr^++^ and Ni^++^ were detected in the tested wastewater with high variability ([Table 1](#t0005){ref-type="table"}). Comparing the mean metal concentrations of heavy metals with the Saudi standards for reclaimed wastewater reuse and with FAO guidelines for interpretation of water quality for irrigation showed that the Bani-Malik WWTP meets the required standards and guidelines of heavy metal concentration for reused water in irrigation. Lower levels of heavy metals may be due to the fact that Bani-Malik WWTP employed the highest rate of a combination of domestic and industrial wastewaters. It was well known that Cu^++^ Pb^++^, Mg^++^, Mn^++^, and Zn^++^ ions get into the aquatic ecosystem through runoffs from agricultural lands ([@b0160], [@b0275], [@b0325]). Higher quantities of Pb^++^, Zn^++^, Fe^++^, Cd^++^, Cu^++^, Mn^++^ and Hg^++^ in treated waste water were detected by [@b0265].

In addition to harmful heavy metals, many biological agents pose serious health threats, such as a risk of transmitting intestinal nematodes and bacterial infections especially to consumers and farm workers. The most common manifestation of waterborne illness is gastrointestinal upset (nausea, vomiting, and diarrhea) and in susceptible individuals such as infants, the elderly and immune compromised individuals, the effects may be more severe, chronic or even fatal (Health [@b0080]). Heterotrophic, total coliform (TC); fecal coliform (FC); total streptococci were determined per 100 ml of the treated wastewater (TWW) and the groundwater (GW) samples. The results were compared to the standard recommended by FAO ([Table 2](#t0010){ref-type="table"}). Higher counts of TC, FC, TS, *E. coil* and *P. aeruoginosa* were recorded for TWW compared with GW but the count of TC and FC was slightly lower than that recommended by [@b0360]. The presence of these bacteria indicates insufficient water treatment and presence of *E. coli* is a much more certain indication of fecal contamination. Data from a source with known contamination showed that TC and FC tests were the most reliable contamination indicators, but in some cases, TC bacteria may not be of fecal origin and positive TC test result should be followed by FC, *E. coil*, or enterococci tests to confirm contamination ([@b0055]). In a studied wastewater treatment plant in Poland, contamination with *E. coli*, *Klebsiella pneumoniae* and *Pantoea agglomerans* was recorded ([@b0215]).

There was no fecal coliform guideline for restricted irrigation due to the lack of evidence of bacterial infection risk to farm workers and nearby residents. An evidence of enteric infections in farming families in direct contact with partially treated wastewater and in populations living nearby sprinkler irrigated fields, when the water quality exceeds 10^6^ FC/100 ml, suggested that a fecal coliform guideline should be added ([@b0365]). However, where adults and school-aged rural children are in direct contact with the partially treated wastewater originating in an urban area, there may still be at risk of diarrheal disease at a level of 10^3^--10^4^ FC/100 ml and reduced guideline level of 10^3^ FC/100 ml would be safer and also reduce the risks of epidemic infections ([@b0365]).

Results presented in [Table 3](#t0015){ref-type="table"} showed that the vegetative weight/plant under subsurface drip was much higher than that of surface drip irrigation in the first season, while the results of the second season were totally the opposite. This clear difference in the yield between the two seasons may be attributed to the different planting dates indicating two different climatic conditions. Results also showed no significant difference in the vegetative yield (t/ha) between the two irrigation systems in the first season (values are nearly the same), while in the second season, surface drip irrigation system showed higher yield than that of the subsurface. The results of wastewater treatments clearly indicated that the vegetative weight (t/ha) and the vegetative weight (g/ha) were significantly higher in the 2012 season than that of 2011. The highest yields were obtained from raw effluent (wastewater before dilution) followed by the control (GW), 80%, and 40% treatments. This high yield could be attributed to the increase in the absorption of macro and micro nutrients from the TWW. Several researchers attributed the increase in crop production to the increase in the nutrient availability ([@b0230], [@b0260], [@b0250], [@b0210], [@b0015]).

[Table 4](#t0020){ref-type="table"} presents the means of all investigated bacterial categories, associated with the radish shoot system under the two irrigation systems and four water qualities. In general all categories except total bacteria count were not affected by seasons for a given irrigation system. However, there is a clear impact of irrigation system on all categories except the total bacteria count in the second season. Apparently, there was a considerable drop in the counts of all bacterial categories under the subsurface irrigation system compared to surface irrigation system. Results of wastewater impact on bacteria count were as expected, as the percentage of wastewater increased the bacterial count increased. This relation is true for all studies categories. The consequence of different wastewater qualities was clear in all bacteria categories except the total bacteria count. In other words, there is always a clear cut of significance for each individual wastewater quality. Accordingly, no two different water qualities share a single significant level. The situation is completely different in the case of the total bacteria count. The results of this category indicate that there is no significant difference under the impact of 100%, 80%, and 40% treated wastewater qualities in the first season. It also indicates that there is no significant difference between wastewater qualities of 80%, 40% and ground water, though; there is a significant difference between undiluted wastewater quality 100% and groundwater. Similar comparisons can be drawn from the results of the second season where there is a slight change in the order of impact.

[Table 5](#t0025){ref-type="table"} showed the means of bacterial content under the effects of the interaction between irrigation systems and wastewater quality. This table was provided due to the existence of interaction effect between irrigation systems and wastewater quality. The impact of interaction occurs only in the total bacteria count of the second season and in the total streptococcus of the first season. Except total bacteria count, there is always a high reduction in bacteria count under the subsurface irrigation system compared to surface irrigation system. This kind of results was expected simply because of the plant exposure to irrigation water. Moreover, the reduction in bacterial count was clear in the second growing season. This reduction may be justified by the climatic variations between the two seasons as well as the application of irrigation water. In fact, there is nothing specific about total bacteria count; however, its deviated behavior can be contributed to the fact that the surrounding environment may host hundreds of bacteria species. The obtained results are partially substantiated the unrestricted wastewater reuse and suggest the need for more studies on crop contamination caused by climatic conditions. In contrast, [@b0320] reported that concerns may be expressed to salad vegetables, which may become contaminated with pathogens as a result of crop irrigation using poor quality water sources and there are fears that consumers may be put at risk if irrigation water quality is not controlled. To increase product quality and to protect consumer confidence, alternative and potentially more expensive water sources, e.g. public mains supply can be used.

[Table 6](#t0030){ref-type="table"} showed the analysis of variance of four bacterial contents under the effects of irrigation systems, wastewater quality and their interaction in both seasons 2011 and 2012. Results indicated that the effect of irrigation systems was not significant in all investigated categories except total bacteria count where both seasons were altered at a confidence of more than 95%. The total bacterial count was also affected by wastewater quality in the second season only while the impact on all other categories was not significant. As the interaction between irrigation systems and wastewater qualities is concerned, a significant effect was obtained on both total bacteria count and total streptococcus while other categories were not affected. In a similar experiment, lettuces and radishes were grown under drip and furrow techniques and irrigated with waste stabilization pond effluent and with effluent diluted with clean water, crop contamination levels of E. coli were 10^3^--10^4^ cell/100 g (fresh weight) for radishes and lettuces respectively, but salmonellae were always absent ([@b0070]). However, after rainfall event, salmonellae were isolated from lettuce surfaces and numbers of E. coli increased.

The observed and fitted spatial distributions of bacteria retained in the columns are shown in [Fig. 1](#f0005){ref-type="fig"}. The retention profile is plotted as normalized concentration *N*~c~ = *N*~o~/*N*~t~ (number of bacteria recovered in the soil, *N*~o~, divided by the total number of bacteria injected into the column, *N*~t~) per gram of dry soil as a function of distance (*D*) from the column inlet. Most of the cells were retained close to the soil column inlet, and the rate of deposition decreased with depth. A logarithmic function has been fitted to the observed data. Hence an exponential relationship between *N*~c~ and *D* was found as: $\text{N}_{c} = 0.73\text{e}^{0.088\text{D}}$ with a coefficient of determination, *R*^2^ = 0.964.

About 65% (from the total count in the column) of the bacteria was retained in the top 10 cm of the soil column. However the total retained count in the soil column was 68% compared to outflow of 24%. These observations can be attributed to bacteria straining. Some researchers have recognized straining as a potentially important mechanism for bacteria deposition ([@b0075], [@b0135], [@b0130]). Bacteria retention in soils occurs by attachment and straining mechanisms. In many experiments, it has been observed that attachment is an important mechanism influencing bacterial retention in porous media. The straining mechanism involves the physical blocking of movement through pores smaller than the bacteria ([@b0310]). The above percentages of retained versus outflow are most likely to change significantly if the flow system was under saturated condition. Hence more outflow counts may be detected due to the driving force of soil water potential.

4. Conclusion {#s0045}
=============

Subsurface drip irrigation system used in this study was successful in reducing the contamination of all studied bacteria categories compared to surface drip system. Moreover, for a given irrigation system, all bacteria categories except the total bacteria count were not affected by the seasons. Conversely, all bacteria categories except the total bacteria count in the second season were significantly affected by the irrigation systems. On the other hand, the interaction between irrigation systems and wastewater quality analysis was useful in determining the affected bacterial categories, whereas both total bacteria count and total streptococcus were significantly affected.

The soil column experiment was a useful tool in mapping the spatial distribution of fecal coliform along the soil profile. Most of the fecal coliform bacteria were retained in the first few centimeters below the column inlet and the profile exponentially decreased with increasing depth. The specified irrigation rate created an unsaturated flow condition, hence, low outflow rates which in turn promote less threat to the underline flow system. The study also supports the fact that as the content of wastewater in the irrigation water increases the bacterial count increases in the growing plant. It also partially substantiated the unrestricted wastewater reuse and suggests the need for more studies on crop contamination caused by other factors like climatic conditions. The treatment technique that is used in the studied wastewater treatment plant (Bani-Malik) must be revised to ensure the reduction of emerging bacterial pathogens to non-detectable levels or to levels that have not been associated with human health risk.
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![Detected normalized concentration *N*~c~ (number of bacteria retained in the soil column at specified depth, *N*~o~, divided by the number in a unit volume of the input bacterial, *N*~t~) per gram of dry soil and fitted logarithmic function versus the distance from the column inlet.](gr1){#f0005}

###### 

Chemical and biological analysis of treated wastewater along with standards of the Ministry of Waters and Electricity, Food and Agriculture Organization, and local groundwater (control).

  Parameter         Bani-Malik Effluent WWTP   LGW^∗∗∗^   MWE^∗^     FAO^∗∗^
  ----------------- -------------------------- ---------- ---------- ---------
  pH                7.45                       7.89       6.0--8.4   6--9
  EC (dS/m)         2.15                       3.510      3.900      0--3
  SAR               7.27                       13                    0--15
  TDS (mg/l)        764.55                     1612       2500       0--2000
  SS (mg/l)         130.55                     0          10         --
  COD (mg/l)        17.14                      10.0       --         --
  BOD (mg/l)        2.8                        0.8        ND         --
  NH~4~^+^(mg/l)    33.31                      0          5          0--5
  NO~3~^−^ (mg/l)   23.48                      0          10         0--8
  P^3−^ (mg/l)      6.56                       0          --         0--2
  Ca ^++^ (mg/l)    61.15                      54.28      200        400
  Mg^++^ (mg/l)     11.51                      27.66      150        60
  Na^+^ (mg/l)      43.53                      83.76      --         900
  K^+^ (mg/l)       6.5                        3.89       --         0--2
  Fe^++^ (mg/l)     1.58                       0.018      5          5
  Zn^++^ (mg/l)     0.096                      0.001      4          2
  Mn^++^ (mg/l)     0.096                      0.002      0.2        0.2
  Cu^++^ (mg/l)     0.050                      0.079      0.4        0.2
  Pb^+++^ (mg/l)    0.019                      0.004      0.1        5
  Cd^++^ (mg/l)     0.0091                     0.0001     0.01       0.2
  Cr^++^ (mg/l)     0.014                      0.029      0.1        0.1
  Ni^++^ (mg/l)     0.032                      0.006      0.2        0.2

EC = electrical conductivity (dS/m), COD = chemical oxygen demand (mg/l), BOD = biological oxygen demand (mg/l), ^\*^MWE = Ministry of Waters and Electricity, ^\*\*^FAO = Food & Agriculture Organization (1985), ^\*\*\*^LGW = local groundwater, TDS: total dissolved solids, SAR: sodium adsorption ratio.

###### 

Bacterial counts of Bani-Malik treated wastewater effluent compared to local groundwater (LGW) and WHO standard.

  Bacterial count/ 100 ml        Bani-Malik Effluent   LGW[⁎](#tblfn1){ref-type="table-fn"}   WHO[⁎⁎](#tblfn2){ref-type="table-fn"}
  ------------------------------ --------------------- -------------------------------------- ---------------------------------------
  Total viable bacterial count   1.1 × 10^3^           2.4 × 10^2^                            ND
  Total coliform                 962                   240                                    1000
  Fecal coliform                 240                   0.0                                    \<1000
  Fecal Streptococci             35--65                0.0                                    ND
  *E. coli*                      60                    0.0                                    ND
  *P. aeuroginosa*               20                    0.0                                    ND
  *Salmonella*                   4                     0.0                                    ND
  Total Vibrio                   4                     ND                                     ND
  Listeria group                 2                     ND                                     ND
  Nematode (egg/l)               3                     ND                                     1

ND: not detected.

LGW = local groundwater.

WHO: World Health Organization (1985).

###### 

Yield of white radish plant grown during 2011 and 2012 seasons under the effects of two irrigation systems and four treated wastewater qualities.

                        Yield components                          
  --------------------- ------------------ ---------- ----------- -----------
  *Irrigation system*                                             
  Surface               256.00 b           520.25 a   24.683 a    46.829 a
  Subsurface            275.88 a           461.45 b   24.818 a    41.408 b
                                                                  
  *Wastewater (%)*                                                
  0.0                   268.87 bc          582.63 a   24.200 bc   52.475 a
  40                    232.12c            450.88 b   20.913 cd   40.225 a
  80                    256.25 bc          375.63 c   23.021 cd   33.800 bc
  100                   317.625 ab         598.13 a   28.575 ab   53.838 a

^\*^Means followed by the same letter(s) are not significantly different according to LSD test at *p* ⩽ 0.05.

###### 

Mean of bacterial counts (count/100 g) of white radish shoot system under the effect of two irrigation systems and four wastewater quality during 2011 and 2012 seasons.

                        Bacterial count                                                                                  
  --------------------- ----------------------------------------- --------- -------- -------- -------- -------- -------- --------
  *Irrigation system*                                                                                                    
  Surface               1405 a[⁎](#tblfn3){ref-type="table-fn"}   1584 a    71 a     81.9 a   15.4 a   22.3 a   7.17 a   11.3 a
  Subsurface            1124 b                                    1446 a    15.2 b   7.5 b    5.3 b    4.9 b    2.6 b    3.2 b
                                                                                                                         
  *Wastewater (%)*                                                                                                       
  0                     1033 b                                    1350 c    3.7 d    2.9 d    0.5 d    0.82 d   0.66 d   0.33 d
  40                    1222 ab                                   1445 bc   27.7 c   32.5 c   5.3 c    11.7 c   3.5 c    7.2 c
  80                    1315 ab                                   1598 ab   61.3 b   50.5 b   14.2 b   18.3 b   6.7 b    9.8 b
  100                   1488 a                                    1667 a    79.3 a   92.7 a   21.5 a   23.6 a   8.7 a    11.7 a

Means followed by the same letter(s) are not significantly different according to LSD test at *p* ⩽ 0.05.

###### 

Mean of bacterial contents (count/100 g) under the effects of the interaction between irrigation systems and wastewater quality during 2011 and 2012 seasons.

  Wastewater (%)   Bacterial count                                                              
  ---------------- ----------------- -------- -------- -------- ------- ------- ------- ------- -------
  Surface          0                 1400.0   1633.3   1.467    2.50    0.00    0.633   1.25    0.471
  40               1343.3            1550.0   43.75    59.25    6.90    20.00   7.25    1.250   
  80               1433.3            1586.7   104.00   92.25    22.25   31.75   9.25    0.942   
  100              1443.3            1566.2   134.25   173.25   32.25   37.00   11.00   2.494   
                                                                                                
  Subsurface       0                 666.7    1066.8   6.00     3.75    1.00    1.00    0.00    0.00
  40               1100.0            1340.0   11.75    5.75     3.75    3.40    0.00    0.047   
  80               1196.8            1746.5   18.75    8.25     6.00    4.99    4.00    0.00    
  100              1533.3            1630.0   24.25    12.75    10.75   10.15   6.25    0.967   
                                                                                                
  LCD (0.05)                         NS       163.56   NS       NS      NS      NS      1.169   NS

###### 

Analysis of variance of bacterial content (cell/100 g) in white radish crop shoot system under the effects of irrigation systems and wastewater quality and their interaction during 2011 and 2012 seasons.

  Source of variation       df   MS                                                                                   
  ------------------------- ---- ------------ ------------- ----------- ----------- ---------- ----------- ---------- ----------
  Replicate                 3    65,286       20,633        48.1        452         7.9        16.48       0.485      1.63
  Irrigation system (IS)    1    630,935^∗^   153,088^∗^    24,819 NS   44,305 NS   809 NS     2431.8 NS   168.6 NS   532.5 NS
  Wastewater quality (SW)   3    287,796 NS   165,526^∗^    9154 NS     11,302 NS   697 NS     770.9 NS    99.05 NS   197 NS
  IS × SW                   3    230,420 NS   212,184^∗∗^   5344 NS     9132 NS     228.6 NS   327.5 NS    11.4^∗∗^   50.9 NS

NS: not significant at *p* ⩽ 0.05, ^∗^,^∗∗^: Significant at *p* ⩽ 0.05 and *p* ⩽ 0.001, respectively.
